Rab1 about the LCV. Indeed, vacuoles containing L. pneumophila DlidA showed delayed Rab1 recruitment compared with wild-type LCVs (20).
17. M. S. Swanson, R. R. Isberg, Infect. Immun. 63, 3609 (1995 The mammalian target of rapamycin, mTOR, is a central regulator of cell growth. Its activity is regulated by Rheb, a Ras-like small guanosine triphosphatase (GTPase), in response to growth factor stimulation and nutrient availability. We show that Rheb regulates mTOR through FKBP38, a member of the FK506-binding protein (FKBP) family that is structurally related to FKBP12. FKBP38 binds to mTOR and inhibits its activity in a manner similar to that of the FKBP12-rapamycin complex. Rheb interacts directly with FKBP38 and prevents its association with mTOR in a guanosine 5′-triphosphate (GTP)-dependent manner. Our findings suggest that FKBP38 is an endogenous inhibitor of mTOR, whose inhibitory activity is antagonized by Rheb in response to growth factor stimulation and nutrient availability.
T he mammalian target of rapamycin, mTOR, is a serine-threonine protein kinase that controls a wide spectrum of cellular events in response to various environmental cues, including stimulation by growth factors, changes in nutrient conditions, and fluctuations in energy levels (1, 2). mTOR elicits its pleiotropic function in the context of two distinct multiprotein complexes termed mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (3) . Rapamycin, in complex with FKBP12 (an FK506-binding protein), specifically interferes with mTORC1 function, and consequently, inhibits cell growth (4, 5).
The major upstream regulators of mTORC1 are the TSC1 and TSC2 tumor suppressors. The two TSC proteins form a complex that displays www.sciencemag.org SCIENCE VOL 318 9 NOVEMBER 2007 a guanosine triphosphatase (GTPase)-activating protein (GAP) activity toward Rheb, a Ras-like small GTPase (6) (7) (8) . Like other small GTPases, the activity of Rheb is dictated by its guanine nucleotide binding states: it is active in its GTPbound form and inactive in the guanosine diphosphate (GDP)-bound form (9) . The TSC1-TSC2 complex stimulates the intrinsic GTPase activity of Rheb and, thus, negatively regulates Rheb function. Conversely, inactivation of the TSC1-TSC2 complex results in accumulation of GTPbound Rheb, which activates mTORC1 (10, 11) .
FKBP38 (also known as FKBP8) belongs to the peptidyl prolyl cis/trans isomerase (PPIase) family of FKBPs. It contains a region, referred to as the FKBP-C domain, that is highly related to FKBP12 (12) . FKBP38 also has a transmembrane domain at the very C terminus, which is unique among all the FKBP proteins and is required for targeting it to mitochondria (13, 14) . We isolated FKBP38 in a yeast two-hybrid screen designated to identify Rheb-interacting proteins ( fig. S1 ) (15) . The potential interaction between Rheb and FKBP38 in mammalian cells was confirmed by coimmunoprecipitation of endogenous Rheb with FKBP38 from human embryonic kidney (HEK293) cell lysates (Fig. 1A) . Furthermore, purified bacterially expressed recombinant Rheb and FKBP38 interacted with each other in an in vitro binding assay (Fig. 1B) . The interaction of Rheb with FKBP38 appeared to be dependent on its nucleotide binding states, because Rheb loaded with GTP-g-S, a nonhydrolyzable GTP analog, guanosine 5′-O-(3′-thiotriphosphate), exhibited much higher binding affinity toward FKBP38 than did GDP-bound or untreated Rheb (Fig. 1C) .
In cells overexpressing FKBP38, insulinstimulated phosphorylation was largely prevented for several downstream targets of mTORC1, including ribosomal protein S6 kinase (S6K), ribosomal S6 protein (S6) and the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) ( Fig. 2A  and fig. S2 ). In contrast, FKBP38 overproduction had no detectable effect on phosphorylation of protein kinase Akt (Fig. 2A) . The inhibitory effect of FKBP38 on mTORC1 activity was reversed if Rheb was overexpressed, which suggested that Rheb antagonizes FKBP38. Similar effects of FKBP38 overproduction on mTORC1 activity were observed when cells deprived of amino acids were exposed to amino acids (Fig. 2B and fig. S2 ).
In cells transiently transfected with FKBP38-specific small interfering RNA (siRNA) oligonucleotides, the amounts of FKBP38 were reduced by~80% (Fig. 2C) . Accompanying the decreased abundance of FKBP38 was an increase in mTORdependent phosphorylation in both S6K and 4E-BP1 but not of extracellular signal-regulated kinase (ERK) 1 or 2 (Fig. 2C) . This effect on mTORC1 activity appeared to be specific, because a different FKBP38-specific siRNA oligonucleotide produced a similar effect ( fig. S3 ). In addition to the enhancement in mTORC1 activity under normal growth conditions, decreased abundance of FKBP38 also reduced the rate of mTORC1 inactivation in response to serum or amino acid deprivation ( fig. S4) , which indicated that the affected cells were less sensitive to growth factor or nutrient limitation. The partial response of mTORC1 to changes in serum and nutrient conditions may result from the remaining FKBP38 in the cells. Alternatively, it may indicate the existence of FKBP38-independent mechanisms that regulate mTORC1. Collective- Endogenously expressed mTOR was immunopurified from HEK293 cell lysates with antibody to mTOR and assayed for activity toward recombinant GST-4E-BP1 in the presence (+) or absence (-) of the indicated agents. Phosphorylation was detected by immunoblotting using antibody to phospho-4E-BP1(T37/46), and quantified by densitometry from three independent experiments (top). ly, the above findings demonstrate that FKBP38 is a negative regulator of mTORC1.
FKBP38 inhibited the kinase activity of mTOR in a dose-dependent manner in vitro (Fig. 2D  and fig. S5 ), and the extent of maximal inhibition was similar to that induced by the FKBP12-rapamycin complex (Fig. 2D) . Although rapamycin alone had no effect on kinase activity of mTOR, it augmented the inhibitory effect of FKBP38, which suggests that rapamycin may interact with FKBP38 and may increase its inhibitory activity toward mTORC1.
Coimmunoprecipitation revealed that FKBP38 associated with the components of mTORC1, including mTOR itself, the GbL protein and raptor, but not rictor, a unique component of mTORC2 (Fig. 3A) , which suggests that FKBP38 targets mTORC1 but not mTORC2. In addition, the association of FKBP38 with mTORC1 appeared to be regulated by nutrient conditions, because the association was increased in cells deprived of amino acids.
Rheb associates with mTOR through a region (amino acids 1967 to 2191) that overlaps with the FKBP12-rapamycin binding (FRB) domain (amino acids 2015 to 2114) (16) . We tested the possibility that the association was mediated through FKBP38. Indeed, a recombinant peptide containing amino acids 1967 to 2191 of mTOR interacted directly with FKBP38 in an in vitro assay (Fig. 3B) . On the other hand, no direct interaction was detected between Rheb and this FKBP38 binding (FKB) domain of mTOR ( fig. S6 ). Deletion analysis of FKBP38 further revealed that its FKBP-C domain, a region highly similar to FKBP12, was sufficient for mTOR binding, which suggested that FKBP38 may bind to mTOR in a manner similar to that of the FKBP12-rapamycin complex ( fig. S7B ). In support of this, we found that the FKBP12-rapamycin complex competed with FKBP38 for mTOR binding in vitro ( fig. S8) , and rapamycin reduced the association of FKBP38 with mTOR in cells (Fig. 3C) .
The interaction of FKBP38 with the FKB domain of mTOR appeared to be regulated by Rheb in a GTP-dependent manner, because the interaction was unaffected by the presence of GDP-bound Rheb but was abolished by the presence of the same amount of GTP-bound Rheb (Fig. 3D) . The dissociation of FKBP38 from the FKB domain of mTOR was also accompanied by its binding to Rheb, which suggested that the interaction with Rheb interfered with FKBP38 binding to mTOR.
Because Rheb activity is regulated by growth factor and nutrient conditions (6, 17, 18), we examined whether Rheb controlled the interaction between endogenous FKBP38 and mTOR in a growth factor-and nutrient-dependent manner. FKBP38 interacted with mTOR in cells deprived of amino acids, and the interaction was reduced when amino acids were restored (Fig. 4A) . Overexpression of wild-type Rheb also reduced the interaction of FKBP38 with mTOR in cells deprived of amino acids, and the interaction was further diminished when amino acids were restored. Accompanying the amino acid-induced decrease in the interaction of FKBP38 with mTOR was an increase in the binding of Rheb with FKBP38, which suggested that Rheb prevented FKBP38 from binding to mTOR in response to amino acid availability.
Rheb mutants, including an active allele, Q64L, in which leucine replaces glutamine at residue 64, and two inactive alleles, S20N and D60K (in which asparagine replaces serine at residue 20 and lysine is substituted for aspartic acid at residue 60), are defective for nucleotide binding, which renders the mutants largely insensitive to the GAP activity of the TSC1/TSC2 complex (19, 20) . In cells expressing the Q64L mutant, the interaction of FKBP38 with mTOR was barely detectable, regardless of the availability www.sciencemag.org SCIENCE VOL 318 9 NOVEMBER 2007 of amino acids, whereas the interaction of the expressed Rheb mutant with FKBP38 was strong (Fig. 4A and fig. S9 ). Despite this, the latter interaction was partially sensitive to amino acid starvation, consistent with a previous finding that the Q64L mutant retains a limited response to the GAP activity of the TSC1/TSC2 complex (20) . In contrast, in cells expressing the S20N mutant, little Rheb was bound to FKBP38, and the interaction of FKBP38 with mTOR was strong and largely insensitive to changes in amino acid conditions. These observations indicate that these Rheb mutants block the amino acid-dependent regulation of the interaction between FKBP38 and mTOR, which suggests that amino acid conditions control the interaction of FKBP38 with mTOR through Rheb.
The effect of D60K on the interaction of FKBP38 with mTOR was similar to that of S20N. However, despite its failure to bind nucleotide and a low expression level (19) , the D60K mutant interacted with FKBP38 more strongly than did wild-type Rheb, and the interaction was insensitive to changes in amino acid conditions. This observation suggests that the Asp to Lys (D to K) substitution at position 60 confers to Rheb a higher affinity for FKBP38 but impedes its action to release mTOR from FKBP38. The fact that the D60K mutant binds strongly to FKBP38 but does not displace it from mTOR interaction suggests that the binding of FKBP38 with Rheb and that with mTOR are not mutually exclusive.
Cells deprived of serum also showed increased interaction between FKBP38 and mTOR that was prevented by serum repletion or overexpression of wild-type Rheb (Fig. 4B) . Similarly, overexpression of active Rheb mutant (Q64L) or inactive Rheb mutants (S20N and D60K) rendered the interaction of FKBP38 with mTOR insensitive to changes in serum conditions, which suggests that the interaction was regulated by Rheb in response to serum conditions. The ability to bind and inhibit mTOR activity in the absence of rapamycin establishes FKBP38 as an endogenous inhibitor of mTOR. Under amino acid or serum starvation this mTOR inhibitor binds and interferes with mTORC1 function in a manner similar to that of the FKBP12-rapamycin complex. In response to growth factors or amino acid availability, Rheb prevents the interaction of FKBP38 with mTOR in a GTP-dependent manner, which leads to mTORC1 activation. This mechanism for the action of Rheb on mTOR is consistent with evidence that active Rheb associates less with mTOR than does the inactive form (16) . In addition to mTOR, FKBP38 associates with Bcl-2 and calcineurin (14, 21) . It is thus possible that Rheb may also control Bcl-2-dependent apoptosis and calcineurin-dependent transcription through FKBP38.
